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It has long been appreciated that tumor cells carry chromosomal aberrations (1).

Deviation from the paired ordering of autosomes and sex chromosomes by either

increasing or decreasing the copy number of a given chromosome, is referred to as

aneuploidy.  Errors in the faithful segregation of chromosomes during mitotic or meiotic

cell division play a crucial role in the generation of chromosomal aneuploidies, the

genetic consequences of which are increased copy numbers of oncogenes and loss of

tumor suppressor genes.  Cytogenetic abnormalities that affect the integrity of a

chromosome are referred to as structural aberrations.  These can be either balanced (i.e.,

no net gains or loss of DNA as in peri- or paracentric inversions and reciprocal

translocations) or unbalanced translocations, including duplications, deletions, and non-

reciprocal translocations (2).  In particular, balanced chromosomal translocations are

frequently observed and considered pathogenetic events in haematopoietic malignancies

(2-6).

One outcome of a translocation is the re-positioning of an oncogene in proximity

to a strong enhancer from another gene. This results in overexpression of the oncogene

and can lead to cellular transformation.   In human Burkitt's Lymphoma, mouse

plasmacytomas and pro-B cell lymphomas, the c-myc oncogene is juxtaposed to the

enhancer for the immunoglobulin heavy chain gene (1, 7, 8). Dysregulation of c-myc in

this manner is believed to increase both the rate of cell division and chromosome

instability (9).  Balanced chromosomal translocations can have oncogenic effects through

the production of fusion proteins.  For instance, in almost 95% of chronic myelogenous

leukemia (CML) case a translocation between chromosomes 9 and 22 results in the

formation of what is commonly referred to as the Philadelphia chromosome.  This results

in the fusion of the BCR and ABL genes.  The BCR-ABL fusion protein has increased



tyrosine kinase activity and transforms haematopoietic cells (10).  Inhibition of the

constitutive kinase activity with the BCR-ABL-specific inhibitor STI571 is currently in

clinical trials and the overall response rate of patients in blast crisis in one study was

reported to be 55%, with complete remission in 11% of the patients (11).

Karyotype analysis based on G- or R-banding techniques have been widely

applied to the characterization of cytogenetic abnormalities in tumor cells and have

contributed significantly to the identification of recurrently involved chromosomal loci

and hence to the molecular cloning of cancer causing genes.  In many instances, however,

the cytogenetic analysis of chromosomes from solid tumors has proven to be challenging.

This is due to the often-low mitotic index, the poor quality of metaphase chromosomes,

and the sheer number of cytogenetic abnormalities (12). The use of genetically

engineered mice as model systems of human cancer has fueled the need for better

cytogenetic analysis in this species as well.  Mouse chromosomes do not vary much in

size and all are acrocentric.  Therefore, some of the parameters used for identification of

human chromosomes are less helpful, making karyotyping very difficult. A further

drawback at present is that rather few cytogeneticists are trained in karyotyping mouse

chromosomes.

The ability to microscopically visualize the location of individual sequences on

metaphase chromosomes using fluorescence in situ hybridization (FISH) techniques has

greatly broadened the application of cytogenetic methodologies, ushering in the era of

molecular cytogenetics (for historical review (13)).  FISH probes come in many varieties.

They can be specific to (A) unique regions and genes, (B) repetitive sequences such as

telomeres and centromeres, (C) entire chromosomes, chromosome bands or arms and (D)

in the case of comparative genomic hybridization (CGH) as large as entire genomes.

Advances in fluorochrome chemistry (i.e. stability, stoke shift, quantum yield, and

conjugability to nucleotides) and photodetection devices (i.e., charged coupled device

cameras and photomultiplier tubes) have further enhanced the sensitivity and multiplicity

of FISH.



Figure 1: Giemsa staining of chromosomes yields banding patterns.

(A)  Human chromosomes come in pairs, one being maternal and the other paternal in
origin.  They are arranged on the basis of their size and the position of the centromere, or
primary constriction.  Most human chromosomes contain two arms.  The p-arm is shorter
and is oriented above the centromere while the q-arm is below the centromere.  The
normal complement of chromosomes in a human cell is 46.  This karyotype is from a
male cell as determined by the presence of both an X and Y chromosome.  (B) Mouse
chromosomes are also organized according to their size, however all of the chromosomes
are acrocentric (having the centromere close to one end and thus no p-arm), making
karyotyping more of a challenge.



The merging of these technical advances is reflected in the combinatorial labeling

and hybridization techniques known as comparative genomic hybridization (CGH) (14),

spectral karyotyping (SKY) (15, 16), and m-FISH (17, 18). CGH is a quantitative method

for comparing the copy number of genomic regions between a control (DNA extracted

from karyotypically normal cells) and test sample (i.e. tumor DNA). SKY and m-FISH

involve the hybridization of differentially labeled chromosome painting probes for the

identification of both numerical and structural aberrations in the genome. Each of these

two conceptual methodologies alone provides a significant advance in the way we

analyze genomes. Together, SKY, m-FISH and CGH offer novel tools to understand

tumor specific and stage specific chromosome aberrations. In this chapter we provide

some Deep Insights into the applications, uses, advantages and limitations of Spectral

Karyotyping and Comparative Genomic Hybridization.  We will also discuss how these

two techniques are being applied to the classification, diagnosis, prognosis and

understanding of the cellular mechanisms that lead to cellular transformation.

Spectral Karyotyping

Spectral karyotyping (SKY) is a molecular cytogenetic technique used to generate

a color-coded karyotype of human and mouse chromosomes (15, 16).  Prior to its

development, cytogeneticists analyzed tumors and leukemias using a Giemsa staining

technique that produced a dark and light banding pattern on chromosomes (Figure 1).  As

previously mentioned, chromosomal analysis using this technique alone can be

challenging since tumor metaphase chromosomes are often poorly spread, have many

rearrangements and subtle translocations or insertions.  In combination with chromosome

banding techniques, SKY allows for a more comprehensive description of cytogenetic

abnormalities  (Figure 2) (19).

Spectral karyotyping involves the simultaneous hybridization of 24 chromosome-

specific painting probes (Figure 2A).  High-resolution, bi-variate flow sorting is first used

to isolate each individual normal chromosome on the basis of its size, and A-T vs. G-C

content (20).  The source of the chromosomes are suspensions prepared from normal

human or mouse cells, from cell lines with specific chromosomal rearrangements,

human-hamster  or  mouse-hamster hybrid cell  lines, and cell lines from  different mouse



Figure 2: Schematic representation of the steps involved in SKY analysis.



(A) The process begins with the isolation of each individual chromosome by flow sorting.
Each chromosome is then labeled with between 1 and 5 fluorochromes (combinatorial
labeling) to create a unique spectral signature for each chromosome pair.  Aliquots of the
painted chromosomes are subsequently pooled together with an excess of Cot-1 DNA
necessary to suppress the hybridization of labeled repetitive sequences common
throughout the genome.
(B) Both the SKY probe set and the chromosomes to be analyzed are heat denatured prior
to hybridization for a 24-72 hour period at 37°C.
(C) Unhybridized probe is removed by increasingly stringent washes.  Detection of the
non-fluorescently labeled probes is accomplished through the use of fluorescence-
conjugated antibodies against the haptens biotin and digoxigenein.
(D) The slide is illuminated with a Xenon lamp in order to simultaneously excite all of
the fluorescent dyes.  Thefluorescence  emitted from the dyes then passes through a
custom-designed triple bandpass optical filter to a Sagnac interferometer where an optical
path difference is generated for each pixel.  The emission spectra from each pixel is
finally captured by a CCD camera and transmitted to the acquisition software.
(E) Fourier transformation recovers the spectrum from this interferogram and assigns red,
green, and blue (RGB) colors based on the wavelengths of the fluorescence intensities.
(F) The result of the RGB assignment is the visualization of each chromosome as a
unique spectral color.
(G) Specialized analysis software then assigns an artificial classification color to each
chromosome and places them into a karyotype.  This is based on a classification table
indicating which dye combinations were used for labeling of the chromosomes in Step A.

strains. These combinations are necessary to assure the flow sorting of pure

chromosomes.  The DNA from each chromosome is then amplified by a degenerate

oligo-primed polymerase chain reaction (DOP-PCR) (21).   Next, each chromosome is

labeled with either one or a combination of fluorochromes.  Using such a combinatorial

labeling scheme with five different fluorochromes, 31 different targets can be

distinguished. The combinatorial fluorescent labeling produces a unique spectral

signature for each chromosome, thereby allowing the simultaneous discernment of all

human or mouse chromosomes.  After labeling, the chromosome painting probes are

pooled together with an excess of Cot-1 DNA to suppress repetitive sequences within the

genome and are hybridized onto metaphase chromosomes prepared from the sample of

interest (i.e. tumor cells).  Following incubation at 37°C for 24-72 hours, residual probe

is removed by various stringency washes and subsequent detection steps allow

visualization of fluorochromes.  Note that only three direct fluorochromes are involved

and that the biotin and digoxigenin labeled probes require detection with avidin

conjugates or immunological detection (Figures 2B and 2C).



Spectral images are acquired using an interferometer connected to a CCD camera.

The fluorochromes are excited by light emitted from a Xenon lamp passing through a

custom-made triple-band pass optical filter. The light emitted from the sample (i.e. the

fluorescence) is collected by the microscope objective and transferred to a Sagnac

interferometer within the head of the Spectral Cube (Applied Spectral Imaging, Carlsbad,

CA), which creates an optical path difference (16, 22) (Figure 2D).  Fourier transformation

resolves the resulting interferogram to a spectrum (Figure 2EF).  Next, the spectral signature

measured at each pixel is converted to a color code for visualization (Figure 2F).  The

classification colors are unique colors given to all chromosomes (pixels) that have the same

spectrum (Figure 2G).

SKY has greatly enhanced the ability to analyze complex karyotypes from both

human tumors and murine model systems.  The wide application of SKY has clearly

shown that, in combination with banding analyses, complex karyotypes can be resolved

with unprecedented accuracy  (for a reviews see (23, 24)).

Comparative Genomic Hybridization

Comparative Genomic Hybridization (CGH) employs two-color fluorescence in

situ hybridization of both tumor DNA and normal control DNA (also known as reference

DNA) to normal metaphase chromosomes (25).   This molecular cytogenetic technique

measures the genetic imbalances within tumor genomes, and has become an exceedingly

valuable tool for the analysis of chromosomal aberrations in solid tumors and

haematological malignancies (26, 27). One major advantage of CGH is that only genomic

tumor DNA is needed for analysis.  Therefore, DNA extracted from archived, fixed

tumors (28) as well as from microdissected tissue (29) can be analyzed.

After extraction of test DNA (i.e. from a tumor sample) and normal DNA (i.e.

from peripheral blood), the samples are differentially labeled with discernable

fluorochromes (i.e. tumor DNA with FITC [green] and control DNA with TRITC [red])

(Figure 3A). The two genomes are combined with an excess of human Cot-1 DNA and

then hybridized to normal metaphase chromosomes (Figure 3B).  Images of metaphase

spreads are then acquired with a (charged coupled device) CCD camera and

fluorochrome-specific optical filter sets to capture the FITC and TRITC fluorescence



(Figure 3C).  Differences in fluorescence intensity values between tumor and control

DNA represent gains and losses of specific chromosomes or chromosomal regions (30).

Figure 3: Schematic representation of Comparative Genomic Hybridization.

(A) CGH begins with the isolation of both (1) genomic tumor DNA and (2) DNA from an
individual with a normal karyotype (reference or control DNA). The two genomes are
differentially labeled such that, for instance, the tumor DNA can be detected with a green
fluorochrome (FITC) and the control DNA with a red fluorochrome (TRITC).  (3) The
differentially labeled genomes are then combined in the presence of excess Cot-1 DNA.



(B) Both the probe and karyotypically normal target metaphase chromosomes are heat
denatured prior to hybridization for a 24-72 hour period at 37°C.
(C) Following a series of detection steps, metaphase chromosomes are imaged by
epifluorescence microscopy with DAPI, FITC and TRITC filters consecutively.

 (1) The differences in fluorescence intensities along a chromosome are a
reflection of the actual copy number changes in the tumor genome relative to the
normal reference.  The result of the hybridization shows gains and losses; in the
event that a specific chromosome region is lost in the tumor, the color of that
region is shifted to red.  A gain would be represented by an increased intensity of
the green fluorescence. (2) A minimum of 5 metaphases (or 10 copies of each
chromosome) are analyzed to determine an average ratio profile.  A ratio of 1
represents an equal copy number in the tumor and the reference genome. The
vertical lines to the left and right of the chromosome represent a loss (< 0.8) and a
gain (>1.2), respectively.

For example, a gain of a chromosomal region in the test sample would result in an

increased intensity of green fluorescence.  A loss within a chromosomal region in the

tumor would be indicated by a shift towards red intensities. Specialized CGH analysis

software measures fluorescence intensity values along the length of the chromosomes and

translates the ratios into chromosome profiles (31).  The ratio of green to red fluorescence

values is used to quantitate genetic imbalances in tumor samples.

Further modification of the CGH technique includes the replacement of

metaphase chromosomes with unique DNA sequences spotted in arrays on a glass slide.

Fluorescence intensities in both test and reference DNA hybridizations to the

immobilized sequences on the array (i.e. cDNA, BAC or oligos) are averaged and

normalized, and can be used to calculate an increase or decrease in copy number (32, 33).

This array CGH allows for higher resolution of closely spaced genomic aberrations as

well as the detection of microdeletions.

Comparative Cytogenetics

Cytogenetic analysis of human tumors reveals a non-random distribution of

chromosome rearrangements resulting in genomic imbalances (34).    Such aberrations

are tissue specific and in some cases are fingerprints for a specific tumor. To better

understand the significance of these chromosomal aberrations and identify in a controlled

setting those that are early and disease initiating events, animal models of human cancer



are extremely beneficial. The ability to generate gene-specific null mutants in mice

affords us the opportunity to elucidate biochemical pathways leading to tumorigenesis

and to query the relationship between chromosomal aberrations and the consequences of

gene mutation on genomic stability. In addition, the generation of mouse strains hetero-

or homozygously deficient for individual genes, the use of conditional knockouts, and

Orthology map of human and mouse chromosomes.  (A) Each chromosome in the human
ideogram is represented by a single unique color.  (B) Every mouse chromosome (except the
sex chromosomes) is comprised of regions from different human chromosomes.  The regions
of orthology can be identified by comparison of their color with the human ideogram in Panel
A.  Thus, during evolution mouse chromosome 1 has been redistributed to form portions of
human chromosomes 8, 2 and 1.

inducible systems for transiently repressing or activating target genes increases the value

of mouse models, particularly for cancer (35-38). Because the cytogenetic abnormalities

observed in human cancers are fundamental, and often distinguishing features, it is

extremely useful to evaluate whether the patterns of genomic imbalances are similar in

Figure 4: Orthology map of human and mouse chromosomes.



human tumors and their corresponding mouse models. The application of molecular

cytogenetic techniques, such as SKY and CGH, has been a key factor in identifying

similarities between human diseases and their respective mouse models.  Mammary

cancer is just one such example (39, 40).

The construction of human-mouse orthology maps and the sequencing of both

genomes (41, 42) has greatly aided the process of comparative cytogenetics. For

example, humans have 22 autosome pairs that vary greatly in size and most have two

visible arms (p & q) separated by a centromere (Figure 1A).  Mice, however, have 19

autosome pairs of relatively similar size with one arm and a centromere near the end

(Figure 1B).  Specific chromosomes or chromosome regions of one species can be

mapped onto the chromosomes of different species, making it possible to follow

chromosome reshuffling during evolution (Figure 4) (43).  For instance, mouse

chromosome 11 contains sequences orthologous to human chromosome 17, as well as

regions of synteny with human 2p (red), 5q (gold), 7p (light pink), 16p (orange) and 22q

(dark pink) (Fig 5).  By following this comparative cytogenetic approach, we can

evaluate chromosome gains and losses in similar tumor types from different species to

Synteny between mouse chromosome 11 (MMU11) and human chromosome 17(HSA17).
Mouse chromosome 11 contains portions of human chromosomes 22,7,2,16,5 and the entire
chromosome 17.

Figure 5: Synteny between mouse chromosome 11 (MMU11) and

human chromosome 17 (HSA17).



determine if the same set of oncogenes or tumor suppressor genes is amplified or lost,

respectively. Because genomic imbalances, generated primarily through chromosomal

translocations or aneuploidies, are specific to each type of human malignancy,

comparative analyses provides a validation of murine models and an entry point for the

identification of new genes involved in tumorigenesis.

Cytogenetic Analysis of Mouse Models of Haematopoietic Malignancies

Haematopoietic malignancies are quite distinct from solid tumors in that rather

than gross chromosomal aneuploidy, the causative genomic alterations tend to result from

the specific juxtaposition of genes or gene segments at the site of translocations.  We

have analyzed pro-B cell lymphomas, plasmacytomas and thymic lymphomas from a

variety of different mouse models.  In mice deficient for the gene mutated in ataxia

telangiectasia (ATM) thymic lymphomas develop in nearly all of the animals between 2

and 4 months of age. These tumors exhibit a variety of chromosomal aberrations,

including translocations, insertions, deletions, and duplications. Through the use of locus-

specific BAC clones, we were able to determine that the breakpoint on chromosome 14

occurs at the T-cell receptor (Tcr) /  locus during the programmed genomic

recombination process known as V(D)J recombination (44). Other common aberrations

included a deletion of the distal portion of chromosome 12 resulting in loss of the

immunoglobulin heavy chain gene (IgH) as well as trisomy of chromosome 15, which

contains the c-myc oncogene.  Aberrations involving the T-cell receptor locus are also

found in human ataxia telangiectasia patients and support the use of the Atm mouse as a

model for tumorigenesis in the absence of this gene product.

Mice deficient in Ku80, a protein involved in the non-homologous end joining

(NHEJ) repair of DNA double strand breaks, also develop thymic lymphomas, but at a

low frequency. These tumors almost invariably contain extra copies of chromosome 15

(45).  When these, and mice deficient in other NHEJ proteins, are crossed onto a p53-

deficient background, 100% of the mice now develop tumors, the spectrum of which

shifts from T-cell to pro-B cell lymphoma (46-48).  These tumors all harbor

translocations involving chromosome 12 and 15 resulting in the juxtaposition and co-

amplification of the IgH enhancer and the c-myc oncogene.  While this rearrangement on



the surface resembled that seen in human Burkitt's lymphoma, whereby the IgH enhancer

and c-myc are also brought into close proximity, closer examination of the breakpoints in

the mice revealed that the mechanism of translocation in these animals is quite distinct

from that observed in the human disease and more closely reflects the type of aberrations

(i.e. non-reciprocal translocations, gene amplification and complex chromosome

rearrangements) often seen in the solid tumors (45, 49).

Another mouse model, which perhaps more closely mimics human Burkitt's

lymphoma or multiple myeloma, is the induction of plasmacytomas in specific mouse

strains (50, 51).  In this system the rearrangements are believed to occur primarily in

mature B-cells during the activation induced deaminase (AID)-dependent process of class

switch recombination, not during V(D)J-mediated antigen receptor rearrangement in

developing B-cells. The rearrangements involving the IgH locus on chromosome 12 and

the c-myc locus on chromosome 15 are typically reciprocal in nature. However, in some

instances amplification of the juxtaposed IgH & c-myc loci have been observed (52).

Additionally, other differences are evident between this mouse model and the human

diseases (53, 54).

Often in human haematopoietic malignancies, translocations result in the joining

of two different genes and the production of fusion proteins.  Mouse models have been

developed in which the fusion protein is introduced as a transgene (for review see (55)).

Such mice are extremely useful for studying the effects of expression of these chimeric

molecules during the earliest stages of tumorigenesis. Identification of functional

elements within the fusion proteins has been achieved through the introduction of

transgenes in which various regions have been modified.  Thus, the use of mouse models

for the study of human haematopoietic malignancies has proven to be extremely fruitful.

Cytogenetic Analysis of Mouse Models of Breast Cancer

Human breast carcinomas are defined by copy number increases frequently

mapping to chromosomes 1q, 8q, 17q and 20q where a variety of oncogenes involved in

breast cancer have been identified (56, 57). With this knowledge in hand, we applied

SKY and CGH to the analysis of primary mammary tumors arising in knock-out mice of

the tumor suppressor gene Brca1, mice transgenic for the oncogenes c-Myc or



HER2/Neu, and mice expressing the polyoma virus middle T antigen or the SV40 large T

antigen under control of the mammary gland tissue specific promoter MMTV (39, 40,

58).  The distribution of gains and losses in each system revealed recurrent patterns of

chromosomal aberrations, although each model was quite distinct.  The Brca1 KO,

however, contained aberrations more consistent with the rearrangements  observed in

human breast carcinomas.

The major imbalance observed in 58% of the HER2/Neu transgenic mouse tumors

was deletion of chromosome 4 (MMU4) bands C-E.  This suggested that in addition to

HER2/Neu overexpression, decreased expression of a gene(s) in this region of

Chromosome gains and losses in the Her2/Neu transgenic mouse model.

CGH analysis reveals a deletion of chromosome four in the C-E band region as the major

imbalance observed in this model.  Either complete loss or reduced expression of a

gene(s) present in this region of chromosome 4 may therefore be necessary for the

induction of mammary gland transformation in the presence of Her2/Neu overexpression.

Figure 6: Chromosome gains and losses in the Her2/Neu transgenic mouse model



chromosome 4 was important for the induction of mammary gland transformation (Figure

6).  The distal portion of mouse chromosome 4 is orthologous to human 1p31-36 and

9p21, the latter of which contains the INK4 locus.  In both the HER2/Neu and the

C3(1)SV40Tag models, oncogene amplification results from the presence of acentric

extra chromosomal fragments known as double minute chromosomes (dmin) (59, 60).

Dmin play a critical role in tumor cell genetics where they are frequently associated with

the overexpression of oncogene products (60-65).  FISH using locus specific probes

revealed that amplification of the HER2/Neu and K-Ras oncogenes was manifested as

dmin in the HER2/Neu and C3(1)SV40Tag mouse models, respectively (Figure 7).  This

finding suggests that in addition to the presence of a strong initial stimulus for cellular

transformation (i.e. the overexpression of an oncogene or the presence of a viral protein),

secondary genetic alterations are necessary for tumor formation, at least in the mammary

gland. These results are consistent with the proposed step-wise increase in chromosome

aberrations that parallels tumorigenic progression in human colorectal (66, 67) and

cervical carcinomas (29, 56, 68-70).

(A) In the Her2/Neu transgenic mouse model, dmin chromosomes contain sequences of the
Her2/Neu oncogene as demonstrated by hybridization of a locus specific BAC clone
(yellow). In blue are shown the two copies of MMU11 (blue) containing the normal mapping
position of the oncogene. (B) In the SV40 C3(1)/Tag mouse model, the K-ras oncogene
(green) is amplified in the form of double minute chromosomes.  The endogenous locus is on
MMU6 (red).

Figure 7: Double minute (dmin) chromosomes in metaphase and interphase cells

from Her2/Neu and SV40 C3(1)Tag transgenic mice



A comparison of chromosomal alterations between mouse models and their

human tumor counterparts enables further refinement of those regions necessary for

tumorigenesis.  For example, the region most commonly gained in mammary tumors is

the distal portion of chromosome 11. This region is orthologous to an area of the human

genome (17q25) amplified in human breast cancer as well as other types of epithelial

tumors (34, 71). The tumor suppressor genes BRCA1 and Trp53, as well as the

oncogenes HER2/Neu, Tbx2, Rad51c and Grb2 are located in MMU11C-E (72) and

human 17q25.   However, because the oncogenes in the mouse map closer to the

centromere and are outside the region of amplification, we conclude that they are not

responsible for tumorigenesis in the mouse, and therefore unlikely to be involved in

human breast cancer development.  Thus, another candidate gene(s) with oncogenic

potential residing on human chromosome 17 may be important for mammary gland

transformation.

Our results indicate that cytogenetic experiments conducted in mice with the use

of comparative maps are an important tool for understanding the sequence of genetic

events required for tumorigenesis. The results obtained can be used to better understand

the processes involved in cellular transformation and for the identification of molecular

pathways conserved between mice and humans.  Increasing the cytogenetic resolution is

extremely useful not only for describing genetic alterations, but also for defining those

genomic changes that are specific to each tumor type. This has largely been made

possible through the combined application of CGH (for identifying regions of gain and

loss) and SKY (to identify the mechanism by which the regional copy number or gene

expression is altered). We believe that further sub-classification of tumors into more

specific categories based on their genomic profile may prove useful in tailoring or

identifying responsiveness to particular therapies.
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